Collection of biological particles is the first and critical step for any biological agent detection system. Towards our goal of capturing and detecting airborne biological entities in real time, here we investigate on the design of an electrostatic particle capture system. We report on the capture of airborne 100 nm diameter polystyrene nanoparticles as a model system, in swirling flows under non-uniform electrostatic fields with an electrospray aerosol generator and a homemade particle collector. The particle collector has five positive electrodes on the bottom and one large grounded electrode on the top. The nanoparticles coming into the collector were slowed down during their swirling and stayed in the collector long before leaving the collector. Silicon chips were placed on the bottom electrodes and the electrostatically captured particles were counted as a function of flow rates, electrode positions, bias voltages, and capture times by epifluorescent images and scanning electron micrographs (SEMs). Particles captured in the electrode at the center of the collector were much less than those on the surrounding four electrodes and 10-25% of the particles with negative charges entering the collector were captured on the bottom electrodes at a flow rate of 1.1 l/min and an applied potential of 2 kV. Particle capture increased with decreasing flow rates. We also simulated flow and electrical fields separately, and found the positional trends to be in good agreement with the measurements. This collector is well adaptable to integration with micro resonator devices and can be used for real-time monitoring of bioaerosols.
Introduction
Recently, collection of biological aerosols, airborne bacteria or viruses, has received significant interest for a wide variety of applications such as healthcare, industrial microbiology, bioterrorism, etc. [1] [2] [3] [4] . Exposure to bioaerosols in indoor and outdoor environments may cause a wide range of health disorders, ranging from mild irritation to a serious disease. Typically bioaerosols are collected and then examined in the gas phase * Corresponding author. Tel.: +1 765 496 6229.
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or most often introduced into a liquid medium, where they can be further characterized to determine the presence of specific biological targets [4] .
Electrostatic precipitators or collectors have been commonly used to capture or control airborne dust and fine particles in indoor air cleaning systems and industry [5] . Various electrostatic collectors have also been developed to capture bioaerosols from airstreams [1] [2] [3] . These instruments have an advantage of being operated with a low-pressure drop. They use corona dischargers to charge incoming aerosols and collect these charged aerosols by electrostatic forces. They have shown high collection efficiencies that can reach almost 99% due to high electrical mobility of those multiply charged particles [5] . However, corona dischargers are well known to produce oxides of nitrogen and ozone, which may adversely affect the viability of some airborne microorganisms [6, 7] .
In this work, we present an airborne particle collector using non-uniform electrostatic fields and swirling gas flows without a corona discharger. We used polystyrene nanoparticles as the model entities to perform the characterization. Flow swirling makes the particles stay longer in the collector and increases the probability of electrostatic capture. To show the effects of flow fields on the collection efficiency, we also present flow and electrical simulations in the collector using commercial computing softwares. During the flow of the nanoparticles in the collector, the particles are slowed down and hence the probability of capture is increased. We also present particle counts of collected airborne nanoparticles and those variations with position in the collector for different operating conditions. The nanoparticles are collected on smaller areas of chips, increasing the particle number density. This collector is ideally suited for integration with micro resonator devices operating in gaseous state, which provide higher sensitivities than in the liquid state due to lower viscous damping. These collectors can be promising candidates as real-time monitoring devices, which can be highly beneficial due to their short response times for a wide range of applications [4, 8, 9 ]. Fig. 1 shows a schematic of the particle generation and collection system, and the top and side views of the collector. The collector is 70 mm long, 60 mm wide, and 26.28 mm high. Five metal sheets (12 mm × 12 mm) were affixed to different positions at the bottom of the collector, acting as the bottom electrodes to capture the airborne nanoparticles. The nanoparticles used were 100 nm diameter polystyrene fluorescent beads (R100, Duke Scientific Corp., Palo Alto, CA, USA) and the particle concentration in the solution was 10 11 /ml. The sheath air was cleaned with a filtered air supply (Model 3074B, TSI Inc., St. Paul, MN, USA) and CO 2 was supplied from a gas cylinder. The nanoparticles in the solution were passed through the capillary tube and the monodisperse aerosolized particles were formed using an electrospray aerosol generator (Model 3480, TSI Inc., St. Paul, MN, USA). The generated aerosols were neutralized by a Polonium-210 source (Po-2042, NRD Inc., Grand Island, NY, USA), resulting in the nanoparticles in charge equilibrium with about one third of them having one or more negative charges [10] . The nanoparticles pass through a tube whose length between the exit of the aerosol generator and the inlet of the collector is about 40 cm. This tube was conductive and grounded to minimize electrostatic losses of particles. The aerosols leaving the collector were passed through a HEPA filter before going to the environment.
Experimental setup
A silicon chip (10 mm × 10 mm) was placed on one of the bottom electrodes for the capture experiments. As the particle generation gets stabilized, the valve to the collector was opened and the bypass valve was closed. Electric potential was applied on the bottom electrode for either 5 or 20 min while the top electrode was grounded. The applied potential ranged from 0 to 2 kV and was applied using a dc power supply. Five different electrode positions inside the collector were investigated to examine the captured particle counts versus the position in the collector. The captured particle counts on the silicon chips were also examined versus flow rates. The nanoparticles captured on the silicon chip were imaged under an epifluorescent microscope and a scanning electron microscope. In order to find the number of particles entering the collector and particle losses along the tubes before the inlet of the collector, the aerosols entering the collector were captured into deionized water and were counted with a fluorometer (Cary Eclipse, Varian Inc., Palo Alto, CA, USA). Fig. 2 shows the fluorescent images (217.75 m × 172.53 m) taken from the silicon chips placed at five different electrode locations in the collector where the electric potential of 2 kV was applied for 20 min at a gas mixture flow rate of 1.1 l/min, where the CO 2 flow rate was 0.1 l/min. The particles in all the images are well dispersed and their aggregation is so rare that we can identify almost all the single particles. The particles in these pictures were counted with ImageJ, a free software distributed by the US National Institute of Health. The scanning electron micrographs (SEMs) of these silicon chips were also taken and the number of particles from the SEMs were counted. Table 1 shows the number of particles counted by the SEMs and fluorescent images in an area of 36.6 m × 36.6 m. The values in the parentheses are standard deviations of the measurements. The counts by both methods are overlapped within their standard deviations except for the electrode A, which may be attributed to bad sampling of the SEMs. In fact, it is observed that the standard deviations are larger in the SEMs. In both methods, the particle counts in the electrodes A, B, D, and E are shown to be close within their uncertainties, while the particle counts captured in the electrode C are much less than those in the other four electrodes. In (a), the electric potential was applied for 20 min at a gas mixture flow rate of 1.1 l/min and in (b), the electric potential of 2 kV was applied at a gas mixture flow rate of 1.1 l/min. The captured particle counts increased with increasing applied electrical potential and time. In this figure, it can also be observed that the captured particle counts on the electrode C is much less than those in the electrodes A, B, D, and E. Fig. 4 shows the collection efficiencies versus flow rates of a gas mixture of air/CO 2 when the electric potential of 2 kV was applied for 20 min. The collection efficiency is defined as the ratio of the total number of particles captured on the electrode to the total number of particles coming into the collector. The collection efficiency increased with the decreasing flow rates and it was 7-8% at a flow rate of 1.1 l/min on the electrodes A, B, D, and E. This means that about 20-25% of the particles having negative charges can be captured because 34% of the total particles entering the collector are known to have negative charges and should be attracted to the positive bottom electrodes. The particle losses were also measured while they flow from the capillary tip to the inlet of the collector by comparing the total number of particles generated from the capillary tip with the measured particle counts entering the collector. The total number of particles generated from the capillary tip can be calculated by multiplying the liquid flow rate of the solution along the capillary tube by the particle concentration in the liquid solution and capture time. The particles entering the collector were counted by capturing them into deionized water and then measuring their fluorescence. The fluorescence signal was calibrated by using control solutions whose particle concentration ranged from 10 6 to 10 9 /ml and the optical output was found to be linear with particle concentration. It was found that ∼9.5% of the total particles generated from the fluid source entered the collector. This loss of efficiency may be due to particle losses caused by flow constrictions through valves, tube connections such as a tee, and the neutralizer.
Measurements of particle counts

Simulation and comparison with measurements
Airborne particles under non-uniform electrostatic fields experience electrical forces, flow-induced forces, gravity, etc. [11] . Electrical forces include electrophoretic forces due to electrostatic fields and dielectrophoretic forces due to nonuniformity of the electric fields. Flow induced forces include viscous drag and lift forces. Dielectrophoretic forces are limited to only an area near the electrodes and can be negligible compared to electrophoretic forces in most regions of the collector. Therefore, the movements of airborne particles are mostly influenced by electrophoretic forces and interaction with fluid flows [12] . That is, electric and flow fields are required in the particle collector design. Generally, the collector should be designed such that particles move slow enough to be captured with given electric field intensity in order to maximize their collection.
Flow and electric fields were obtained separately and particles were traced from flow fields without considering the effects of electric fields on the particles. These particle tracks still give important information on the relationship between particle velocities and the captured particle counts on the electrodes by electrophoretic forces. Electrophoretic forces exerted on a charged particle are given by [11] 
where n is the number of elementary charge units on a particle, e the elementary unit of charge (=1.602 × 10 −19 C), and E is the electric field intensity. According to the equilibrium charge distribution produced by the neutralizer, about 28% of the total particles l00 nm in diameter have single negative charges (n = −1) and 6% of the total particles have multiple negative charges [10] . If a particle is placed in an electric field, it will reach a settling velocity, which is given by [11] 
where η is the dynamic viscosity of the fluid, a the radius of a particle, and
is the slip correction factor, where p is the absolute pressure in kPa and d p is the particle diameter in m [11] . Particle traces in the collector were numerically computed with a commercial finite volume CFD code FLUENT 6.2. Gravity and interaction with surrounding flows were considered and flow fields were obtained based on the incompressible laminar flow model. Table 2 shows the material properties of the particles and the operating conditions used in the flow and electrical simulations, where the electric potential of 2 kV was applied at a gas mixture flow rate of 1.1 /min. Fig. 5 shows the positions of 69 test particles starting on the inlet surface and a representative particle trajectory. The test particles are equally spaced on the inlet surface. Fig. 6 shows the velocity magnitudes of the test particles with time while they flow from the inlet to the outlet. All the test particles experience reduced velocities when they enter larger spaces inside the collector. Their velocities increase again when they leave the collector. It should be noted that not all the particles leave the collector at the same time. Some particles go to the outlet directly without swirling and some particles stay much longer while swirling in the collector, making it more probable for them to be captured. Table 3 shows the number of particles passing through the volumes made up of the electrode areas and collector height, and the expanded volumes comprised of the heights and expanded areas which have each edge of the electrode extended by 4 mm. These expanded volumes may be more appropriate to examine around electrodes D and E because there are more slow particles around these electrodes. In fact, these slow particles can be affected by non-uniform electric fields even when they are not right over the electrodes. Fig. 7 shows the minimum horizontal velocities that all the particles can achieve when passing through the expanded volumes versus the distance of the particles from each electrode. There are three different regions in this figure. One of them is where particles have high velocities close to the electrodes or low velocities far away from the electrodes. Another region is where particles are moving slow near the electrodes and electric field intensity is large. The particles in this region are slow enough to be collected on the electrode, so this is where most of the particle collection on the electrodes happens. On the other hand, in the region where particles are fast and distant from the electrodes, electrostatic forces are not large enough to change the directions of the particles to the electrodes due to their high momentum. This can explain why the electrodes A and C have fewer particles captured in the measurements than the actual numbers of particles passing over the electrodes as shown in Table 3 . That is, there are many particles right over the electrode C, but most of them have high velocities. On the other hand, there are small numbers of particles over the electrodes D and E, but most of them are moving slow enough to be captured. According to the results above, it can be concluded that the electrodes D or E is a better place for microresonator chips to collect bioaerosols and the electrode C is not appropriate unless the aerosols are highly charged. Electric fields are computed with a finite element software ANSYS 9.0. Fig. 8 shows maximum vertical settling velocities of particles having single negative charges due to electrophoretic forces at each height from the electrodes. The settling velocities of particles increase as they move closer to the electrode. It is shown that the effects of the electric fields on the particles are almost the same all over the electrodes, so the differences of the captured particle counts with the electrode positions can be mostly determined by particles' tracks and their velocities. It should be noted that this maximum vertical settling velocity is a measure of particle capturing. In fact, these velocities do not directly relate to the critical velocities of particles in order to be captured, since the electric fields are not constant with height, so even faster particles than these velocities can be captured if they are moved closer to the electrodes, which produces larger electric forces on the particles.
Conclusions
We presented a homemade particle collector to capture l00 nm diameter airborne polystyrene nanoparticles in swirling gas flows using non uniform electrostatic fields. The collector is 70 mm long, 60 mm wide, and 26.28 mm high and has five bottom electrodes and a large top electrode. We also characterized and presented the nanoparticle capture with flow rate, applied voltage, electrode position, and time. The captured particle counts on the electrodes A, B, D, and E were shown to be close within their uncertainties, while the particles captured in the electrode C were much less than those in the other four electrodes. Only 20-25% of the negatively charged particles entering the collector were captured on the electrodes (except for the center position) at a flow rate of 1.1 l/min and an electric field of 2 kV. It was also determined that ∼9.5% of the total particles generated at the capillary tip entered the collector.
We simulated flow and electrical fields in the collector separately. All the test particles entered the collector at reduced velocities. Some particles went to the outlet directly, but most particles stayed much longer before leaving the collector. There were many particles passing right over the electrode C, but most of them were too fast to be captured. On the other hand, there were small numbers of particles passing over the electrodes D and E, but most of them were moving slow and hence were captured. This explains why the electrode C had fewer particles captured in the measurements. The electrodes D or E presented a better place for placement of sensor elements such as microresonator chips to collect aerosols, as compared to the electrode C. We are continuing to expand this work and are integrating such sensor elements for real time capture and detection of air-borne virus particles. 
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